Background: Short uncemented stems have recently been proposed as an alternative to classic long stems for shoulder arthroplasty. The early results are promising, but bony adaptations of the proximal humerus have been reported. The aim of this study was to quantify these phenomena using the Ascend Flex stem and to determine the risk factors. Materials and methods: In a retrospective, single-center study, 183 shoulder arthroplasties were evaluated at 2-year follow-up. All patients underwent clinical evaluations preoperatively and at last follow-up. Radiographs were obtained preoperatively, postoperatively, and at last follow-up. Four types of bony adaptations were analyzed: medial cortical narrowing (MCN), medial metaphysis thinning (MMT), lateral metaphysis thinning (LMT), and under-the-baseplate osteolysis. The risk factors were analyzed in a multivariate model. Results: MCN was found in 72.6% of cases and was severe (>50%) in 4.4%. MMT was found in 46.4% of cases and was severe in 3.3%. LMT was found in 9.8% of cases and was severe in 2.8%. The risk factors for MCN were the distal filling ratio, osteoporosis, and female sex, whereas MMT and LMT were only influenced by stem axis deviation. Under-the-baseplate osteolysis was found in 34.4% of cases. No influence of bony adaptations on the clinical outcomes was observed. We found no complications related to the stem or to stem loosening. Conclusion: The radiographic evolution was satisfactory at mid-term follow-up. Bony adaptations seemed to be limited phenomena, without any observed consequence. Avoiding excessive filling and axis deviation may limit these phenomena.
Shoulder arthroplasty is recognized as the treatment of choice for degenerative arthritis of the shoulder. We have recently observed a significant worldwide increase in the number of shoulder prostheses implanted, even in younger and more active patients, in proportion to the growing confidence we place in these implants. However, with the increasing implantations and the younger average age of the patients, the question of implant survivorship and the difficulties related to revision surgery increasingly become concerns. In a desire to anticipate further difficulties, newly designed short uncemented stems have been proposed as an alternative to classic implants. 2, 4, 5, 7, 16, 19, 23 They allow bone preservation (tuberosities and diaphysis) and facilitate stem extraction (or even conversion) in case of revision, and thus, they actually seem to be a valuable option for primary shoulder arthroplasty.
However, it is well known that the use of uncemented stems exposes patients to the problem of humeral bone remodeling, which has been commonly reported with long uncemented stems, and assimilation to a stress-shielding mechanism. 8, 10, 12, 13, 22 According to the Wolff law, 25 stress shielding induces metaphyseal cortical narrowing and osteopenia because of proximal decreasing constraints, as well as densification phenomena (condensation lines and spot welds), which reflect excessive constraints around the distal part of the stem but are not a source of concern. A biomechanical study suggested that the use of short stems could limit proximal stress shielding compared with long stems and thus limit bone remodeling. 15 This has been confirmed in vivo by Denard et al, 5 who compared the radiologic evolution of similarly designed short and long stems and reported a lower rate of calcar narrowing with the short stem than with the long stem (50% vs. 74%). The results of the first studies on short stems were very promising, reporting good mid-term clinical and radiologic outcomes comparable to those of long stems. 2, 4, 7, 16, 19, 23 However, a high incidence of proximal humeral bony adaptations is still reported, although to a lesser extent, and questions remain about their incidence, severity, determining factors, and possible consequences.
The aims of this study were to quantify the precise incidence of proximal bone remodeling phenomena with a short, uncemented, porous-coated humeral stem (Aequalis Ascend Flex; Tornier SAS, Montbonnot Saint Martin, France) and to identify the determining factors of these phenomena to make some technical recommendations to limit them. Secondarily, we aimed to evaluate the mid-term consequences of proximal bone remodeling.
Materials and methods

Study design
In this retrospective, observational, single-center study, we included all patients who consecutively underwent shoulder replacement with a short uncemented stem (in an anatomic or reverse configuration) between November 2012 and September 2015, performed by 3 senior shoulder surgeons (D.M., F.S., and A.J.) working in the same institution, with a minimum follow-up period of 2 years after surgery. All the prostheses were implanted for degenerative arthritis; however, patients with acute fractures and tumors were excluded because they were treated using classic long stems. We also excluded 3 shoulders in which the medial proximal metaphysis was initially missing or highly remodeled. We assumed that analysis of proximal bone remodeling would not have been possible in these cases (1 case with revision and 2 cases with fracture sequelae).
Patients
A total of 228 shoulders met the inclusion criteria. At a minimum 2-year follow-up, 26 patients were lost to follow-up: 12 did not want to return for clinical and radiographic evaluation, and 7 died. On the basis of telephone interviews, none of these patients had any reported complications or underwent revision surgery related to the arthroplasty. Finally, 183 patients (80.3%) could be evaluated at a mean follow-up of 27.5 ± 6 months (range, 23-47 months). There were 64 men (35%) and 119 women (65%). The mean age was 70 ± 9 years (range, 26-87 years).
Implant design and surgical technique
All the procedures were performed with the patients under general anesthesia in the beach-chair position. Anatomic shoulder arthroplasty was performed in 102 cases (56%) with a mean age of 65 ± 8 years (range, 26-82 years), including 95 total shoulder arthroplasties (TSAs) and 7 hemiarthroplasties (HAs). Reverse shoulder arthroplasty (RSA) was performed in 81 cases (44%) at a mean age of 76 ± 5 years (range, 64-87 years). Prostheses were implanted through a deltopectoral approach in 106 cases (58%, 102 anatomic prostheses and 4 RSAs) and a superior approach in 77 cases (42%, only RSAs).
The Aequalis Ascend Flex stem was used in every case. It is a short and convertible titanium stem, designed for proximal metaphyseal uncemented fixation, with a proximal porous titanium coat (1-mm press fit). The stem sizes used ranged from size 1 (66-mm length) to size 7 (90-mm length), with a mean size of 3.8 ± 1.3. All the TSAs were associated with a cemented keeled polyethylene glenoid implant (Perform; Tornier SAS). All the RSAs were performed with a classic press-fit, short-or long-pegged glenoid implant (Aequalis Reversed II; Tornier SAS). The bony increased offset-RSA technique, using humeral head autograft as described by Boileau et al, 1 was performed in 32 cases (40%).
Clinical evaluation
All patients underwent a preoperative clinical evaluation including range-of-motion assessment and determination of the Constant score (CS). 3 The same clinical examination was performed at last follow-up (2 years) by a single examiner (L.P.) who had not performed the surgical procedures. Intraoperative and postoperative complications were systematically recorded, as was the need for revision surgery.
Radiologic evaluation
Radiologic analysis was performed by the same independent single examiner (L.P.) who had not performed the surgical procedures. The shoulder radiographic protocol included a strict anteroposterior view and a Lamy view, and radiographs were obtained at 3 time points: before surgery, immediately after surgery, and at minimum 2-year follow-up. When the prosthesis was in place (on immediate postoperative and 2-year follow-up radiographs), the anteroposterior radiograph was accepted only if the Morse taper could be visualized in the free space between the stem and the head ( Fig. 1 ), allowing precise analysis of the proximal metaphysis. Because of the retrospective design of our study, even though radiographs deemed inadequate were routinely obtained again in our center, a few postoperative radiographs were judged acceptable at the time they were obtained, even though the rotation was not perfect, and we had to accept them in our study because we assumed this would not alter our analysis. All the radiographs were obtained in our radiology unit and were accessible for analysis using the same software (OSA PatientViewer; J4Care, M€ odling, Austria), which was used for all visual analyses and measurements, ensuring the reliability of measurements from one case to another.
Bone quality was assessed on preoperative radiographs by measuring the Tingart cortical index (TCI), as described by Tingart et al 24 (Fig. 2 ). The proximal filling ratio (pFR) and distal filling ratio (dFR) were measured on immediate postoperative radiographs ( Fig. 2) . We looked at eventual deviation between the stem axis (as defined by the manufacturer) and the humeral shaft axis, defined by the a angle between these 2 axes on anteroposterior radiographs ( Fig. 2 ) and by the orientation in varus or valgus.
We noted 4 different types of proximal humeral bony adaptations ( Fig. 3 ) that we decided to analyze and quantify at last follow-up:
Medial cortical narrowing (MCN) was evaluated by establishing
the ratio between the proximal medial cortical thickness on the last follow-up radiograph and that on the immediate postoperative radiograph (cortical thickness ratio) ( Figs. 3 and 4 ).
Because osteophyte removal often leads to disappearance of the cortical bone in the proximal few milimeters of the medial humerus, measurement of proximal cortical thickness was arbitrarily performed 1 cm under the cut.
Medial metaphysis thinning (MMT) was evaluated by estab-
lishing the ratio between the medial metaphysis thickness on the last follow-up radiograph and that on the immediate postoperative radiograph ( Figs. 3 and 4 ).
3. Lateral metaphysis thinning (LMT) was evaluated by establishing the ratio between the lateral metaphysis thickness on the last follow-up radiograph and that on the immediate postoperative radiograph ( Figs. 3 and 4 ). 4. Under-the-baseplate osteolysis (UBO) was defined by the disappearance of the cancellous bone under the baseplate ( Fig. 3 ). When this phenomenon was visualized, we measured its maximum height in millimeters.
We did not focus on condensation phenomena (spot welds and condensation lines) because they were not considered a source of concern, as recommended by Denard et al. 6 The values obtained for MCN, MMT, and LMT were divided into 4 groups according to the calculated ratio: no osteolysis (ratio > 0.9), minor osteolysis (ratio of 0.6-0.9), major osteolysis (ratio of 0.1-0.5), and total disappearance (ratio < 0.1). Bony adaptation was defined by a ratio of 0.9 or less. Severe (or relevant) bony adaptation was defined by a ratio of less than 0.5 (>50% narrowing). For each type of bony adaptation, we performed a univariate analysis to determine the potential risk factors, including age, sex, pFR, dFR, stem axis deviation, TCI, and type of prosthesis (anatomic or reverse). The relevant risk factors after univariate analysis were then included in a multivariate analysis to determine independent risk factors.
Statistical analysis
Data collection and statistical analysis were performed using EasyMedStat (Neuilly-sur-Seine, France) and RStudio software (Integrated Development for RStudio, Boston, MA, USA). The a risk was set at 5%. The Wilcoxon signed rank test or Student t test was used to compare quantitative variables in different groups. The Spearman correlation coefficient was used to assess the relationship between the different quantitative parameters. After univariate analysis of the risk factors for each type of bony adaptation, only the risk factors with P < .20 were included in the multivariate analysis. Multivariate analysis was performed using a linear regression model. P .05 was considered statistically significant.
Results
Clinical outcomes
At 2-year follow-up, we observed significant improvements in the CS and all of its items, as well as range of motion (P < .05), for anatomic shoulder arthroplasties and RSAs. The mean CS was 75 ± 8 for HAs and TSAs and 62 ± 11 for RSAs. All the recorded values are presented in Table I .
Complications were reported in 18 cases (9.8%). Of these complications, 11 (10.8%) were reported after HA or TSA: 1 dislocation (reduction), 1 traumatic humeral fracture (nonoperative treatment), 4 rotator cuff tears including 2 with early migration of the glenoid component (conversion to RSA), 1 infection (1-stage revision), 3 cases of adhesive capsulitis (resolutive), and 1 minor wound problem. A total of 7 complications (8.6%) were reported after RSA: 1 humeral fracture (stem revision plus open reductioneinternal fixation), 1 case of early glenoid loosening (technical error), 3 
Radiologic analysis
Preoperative radiographic analysis
The mean TCI was 3 ± 0.8 mm (range, 1.6-5.1 mm). The TCI was significantly lower in the RSA group than in the TSA and HA group (2.7 mm vs. 3.2 mm, P < .001).
Immediate postoperative radiographic analysis
The mean pFR was 0.58 ± 0.09 (range, 0.36-0.77). It was significantly higher in the RSA group than in the TSA group (0.62 vs. 0.56, P < .001). The mean dFR was 0.52 ± 0.07 (range, 0.35-0.71). No significant difference existed between the TSA group and RSA group (0.52 vs. 0.52, P ¼ .99). The mean stem axis deviation was 4.6 ± 3.4 (range, 0.1 -16.2 ). A valgus deviation was found in 120 stems (65.1%), with a mean deviation of 5.9 ± 3.4 (range, 0.2 -16.2 ), whereas 63 stems (34.9%) had a varus deviation, with a mean deviation of 2 ± 1.3 (range, 0.1 -5.1 ). RSAs were significantly more deviated than TSAs and HAs (5.9 vs. 3.5 , P < .001). Even though the mean axis deviation was negligible (4.6 ), it was superior to 10 in 11 cases (6%), always in valgus.
Last follow-up radiographic analysis and evaluation of bony adaptations
The findings of the evaluation of bony adaptations related to a stress-shielding mechanism are summarized in Table II . The mean MCN ratio was 79.6% ± 15.9% (range, 0%-140%), meaning average cortical narrowing of 20.4%. MCN was reported in 133 patients (72.6%) but was considered relevant (>50% narrowing) in only 8 cases (4.4%). MCN was extended at a mean height of 18.1 ± 5 mm (range, 5.6-32.3 mm). The mean MMT ratio was 86.6% ± 16% (range, 0%-145%), meaning average metaphyseal thinning of 13.4%. MMT was reported in 85 cases (46.4%) but was considered relevant (>50% thinning) in only 6 cases (3.3%). The mean LMT ratio was 94.1% ± 19.4% (range, 0%-100%), meaning average metaphyseal thinning of 5.9%. LMT was found in 18 cases (9.8%) but was considered relevant (>50% thinning) in only 5 cases (2.8%). In total, 147 patients (80.3%) had at least 1 of these phenomena at 2-year follow-up, and at least 1 severe adaptation (>50% narrowing) was found in 13 patients (7.1%). Metaphyseal UBO was found in 63 cases (34.4%), in which the mean osteolysis width was 2.9 ± 1.2 mm (range, 1-6.1 mm). No such osteolysis was seen in the HA group (n ¼ 7). UBO was significantly more frequent in the RSA group than in the TSA group (49.4% vs. 22.5%, P < .0001). The occurrence of UBO was not correlated with the occurrence of MCN (P ¼ .64), MMT (P ¼ .55), or LMT (P ¼ .68). Finally, we found no significant radiolucent lines (2 mm width), stem subsidence, or loosening and no mechanical complications related to the humeral stem in our series.
Bone-remodeling risk-factor analysis
The results of the univariate analysis for each type of bony adaptation are presented in Table III . Female sex, a low TCI, and a high dFR were significant risk factors for MCN in the univariate analysis, but the multivariate analysis concluded that none of them was independent.
Stem axis deviation in varus was the only risk factor for MMT in univariate and multivariate analyses (P < .001). LMT was significantly associated with a high pFR, a low TCI, stem axis deviation in valgus, and RSA in the univariate analysis, but the multivariate analysis found only stem axis deviation in valgus to be an independent risk factor for LMT (P < .001). Severe LMT (>50%) always occurred with a valgus deviation greater than 10 , and 83% of LMT occurred with valgus deviation greater than 7 . UBO was significantly associated with age, a high pFR, a low TCI, stem axis deviation in valgus, and RSA in the univariate analysis, but in the multivariate analysis, a high pFR and RSA were the only independent risk factors (P < .01).
Consequences of bony adaptations
We found no statistical influence of any type of bony adaptation (MCN, MMT, LMT, or UBO) on the clinical outcomes (CS) for TSA and HA or for RSA (P > .05).
Discussion
In this series, as in the literature, 11, 19, 21, 23 the Ascend Flex short stem yielded promising mid-term results, with excellent clinical outcomes and no complications related to the stem. However, proximal bony adaptations related to stress shielding were noted in 80.3% of patients, which might be concerning.
Bony adaptations have been largely reported in previous publications about short stems, with rates ranging from 3% to 93%, but with different stems and heterogeneous criteria. To date, 5 publications have focused on the second-generation Ascend Flex stem (with porous coating), 11, 14, 19, 21, 23 with reported rates of visible calcar osteolysis ranging from 3% to 42%. These osteolysis phenomena are usually described using a classic 5-zone system, without quantitative analysis (only qualitative) and without differentiation between the different types of adaptations. 2,4,5,7,11,16e21,23 The authors classically reported the presence or absence of several types of bone remodeling (cortical narrowing, spot welds, condensation lines, and so on) in each of the 5 zones around the stem and then classified each patient as having "low adaptation" or "high adaptation." In our study, we decided to describe these phenomena differently, by converting the 5-zone system into a 3-type system (MCN, MMT, and LMT), using ratios to evaluate bone narrowing. This allowed us to quantify these phenomena precisely and therefore to perform a risk-factor analysis for each. By use of our system, bony adaptations were more frequently observed (80.3%) than in previously published articles about the Ascend Flex stem, probably because of the quantitative methodology, which detected even a very slight bone narrowing that could have been considered normal in a simple quantitative and subjective analysis. However, our quantitative analysis also demonstrated that severe forms (>50%) were quite rare (7.1%). This rate seemed to be lower than the rates reported with the first-generation stem (without a proximal mantle of porous titanium). 2, 4, 11, 17, 18, 20, 23 In fact, the addition of a porous coating to the second-generation stem (Ascend Flex) allowed better bony ingrowth and metaphyseal fixation. This aimed to reduce the occurrence of radiolucent lines and early MCN, medial cortical narrowing; MMT, medial metaphysis thinning; LMT, lateral metaphysis thinning. Data are presented as number (percentage). loosening, as well as to limit stress-shielding phenomena by increasing metaphyseal stress. These improvements have been confirmed by 2 studies comparing the 2 generations of this stem, 11, 23 and our study findings were in accordance with all of those findings. It has been reported in the literature that proximal bony adaptations were related to stress shielding, with distal stability of the stem leading to a decrease in metaphyseal constraints. Logically, this bony adaptation are constantly correlated to a high filling ratio for long stems as well as for short stems. 5, 8, 12, 14, 17, 20, 22 Some authors have also reported a significant influence of diaphyseal cortical contact of the stem, 14, 20 but age, sex, dominant side, axis deviation, and any other parameters were not found to be risk factors. To our knowledge, this has always been determined by univariate analysis, after a qualitative assessment, and without consideration of the localization of remodeling. Considering that proximal bone remodeling may not be only 1 entity but may comprise several entities with different risk factors, we decided to differentiate them, quantify them with ratios, and analyze all the potential risk factors in a multivariate model. We found that MCN was correlated with a high dFR, low bone quality, and female sex, but these were not independent factors. In fact, a direct correlation may exist between the low bone quality, more frequent in female patients, and the temptation to fill the humerus with the stem to obtain primary stability. We assume that MCN should be considered a consequence of stress shielding owing to distal fixation of the stem, which is more likely to occur with larger stems implanted in osteoporotic bone in female patients to achieve stability. On the other hand, stem axis deviation was the only independent risk factor for MMT (varus deviation) and LMT (valgus deviation). This finding suggested that MMT and LMT might not be related to a classic stressshielding mechanism but rather to an abnormal distribution of metaphyseal stresses, when the stem is not aligned with the humeral shaft axis. It was impossible to draw a biomechanical conclusion based on our radiologic data, but these data highlighted the importance of correct stem alignment.
Our findings have led to some technical recommendations related to humeral filling and the stem axis to limit these types of bone remodeling when using a short uncemented stem. Regarding the filling ratio, the primary stability of the stem should be metaphyseal, without any diaphyseal contact. To do so, we recommend stopping the broaching at the first size with rotational stability without reaching the maximum size (with diaphyseal contact), determined by using the sounders available in the standard instrumentation or by using 3-dimensional planning. In the case of poor metaphyseal bone quality, the rotational stability of the broach may only be obtained by reaching this maximum size and, thus, diaphyseal stability. In these cases, we should consider cementation of a polished stem rather than press-fit fixation. In addition, to ensure correct stem alignment, the humeral axis can be monitored during the surgical procedure by using the sounders. Moreover, we assume that it is mandatory to perform the humeral cut at the correct height (at the anatomic neck) so that the curvature of the remaining proximal humerus will fit the curvature and offset of the stem. A cut that is too high will lead to varus deviation, whereas a cut that is too low will lead to valgus deviation (Fig. 5 ).
We also found disappearance of the metaphyseal bone under the metallic baseplate (UBO), occurring in 34.4% of cases. We decided to analyze this phenomenon separately from the 3 other phenomena because it has not usually been described in the literature when analyzing the stress-shielding phenomenon. Moreover, it was not statistically associated with the aforementioned bony adaptations (MCN, MMT, and LMT) and thus may not be related to stress shielding. Despite the lack of precise radiographic analysis of the glenoid in our study, we assume that this type of osteolysis could be related to the presence of polyethylene implants and polyethylene wear, as suggested by Raiss et al 13 and Jullion et al, 9 who already described this phenomenon. In our series, it was significantly more frequent with RSA than with TSA and was never found with HA, which could support this hypothesis. The high rate of UBO in our series, at this short follow-up, could be explained by the straight design of the humeral baseplate allowing earlier detection of slight osteolysis compared with classic stems with bulky inlay metaphyses. With these stems, proximal osteolysis could be identified on standard radiographs only when it is already extended and involves the tuberosities. In our series, the mean width was only 2.9 mm, without any extent to the tuberosities. In our series, none of the proximal humeral osteolysis phenomena had any influence on clinical outcomes at 2-year followup. The same findings have been unanimously reported in the literature. 4, 5, 17, 19, 20, 22 Long-term studies are lacking to confirm that clinical outcomes are maintained over time and to evaluate the progression of these bony adaptations over time. In a series of 106 TSAs with long stems, Spormann et al 22 reported a 17% rate of calcar full resorption at a minimum 5-year follow-up. They observed that 86% of these osteolysis events were already visible at 1-year follow-up and 100% were visible at 2-year follow-up; no further case was identified between 2-and 5-year follow-up. The mean height of osteolysis was measured and progressed significantly between 6 and 12 months but remained stable after 12 months, with a tendency toward regression at 5 years (not significant). Schnetzke et al 19 reported the same findings with the first generation of the Ascend short stem (Ascend Monolithic; Tornier SAS), without any clinical consequences at 5-year followup. Their results are reassuring regarding the risks related to proximal bone disappearance, but it remains necessary to continue the follow-up of our patients to confirm that these phenomena are not evolutive after 2 years with the Ascend Flex implant (second generation).
Our study had some limitations, including the retrospective design, the lack of glenoid-side analysis, and the limited follow-up period of 2 years. However, it also has strengths, such as the large number of cases that associated TSA and RSA in equivalent proportions, making it the largest series published to date about the Aequalis Ascend Flex stem. We also have proposed a quantitative analysis of bone remodeling, with a precise analysis of the risk factors with a multivariate model. Finally, this was a single-center study, with a standardized radiologic protocol performed in the same center for each patient, allowing precision and reliability of all measurements.
Conclusion
The radiographic evolution of the Ascend Flex short stem was satisfactory at mid-term follow-up and was associated with excellent clinical outcomes and a low rate of complications that never related to the stem. Bony adaptations seemed to be limited phenomena, without any observed consequence at follow-up. A high filling ratio and axis deviation of the stem must be avoided to limit bone remodeling. Cementation should be considered in patients with osteoporosis. Further studies with longer follow-up periods will be needed to monitor the progression and potential consequences of these bony adaptations over time.
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